Abstract. It is increasingly recognized that macrophages are a key cell in the development of atherosclerosis. Glucosamine, the product of the hexosamine biosynthetic pathway in diabetes mellitus, can disturb lipid metabolism, induce apoptosis and accelerate atherosclerosis via endoplasmic reticulum (ER) stress in various types of cells. Previous studies have indicated that quercetin possesses antidiabetic, anti-oxidative, anti-inflammatory and anti-apoptotic activities as a flavonoid. Studies have also demonstrated its novel pharmacological properties for inhibiting ER stress. The present study focussed on the effects of quercetin on cell injury and ER stress in glucosamine-induced macrophages. RAW264.7 macrophages were cultured with 15 mM glucosamine, following which the levels of apoptosis, intracellular total and free cholesterol, and apoptosis-and ER stress-associated proteins were measured in the macrophages treated with or without quercetin. Additionally, the ratio of cholestryl ester/total cholesterol was calculated to observe the formation of foam cells. The results demonstrated that apoptosis and abnormal lipid accumulation in the RAW264.7 cells, which was induced by glucosamine, were significantly reversed by quercetin. In addition, quercetin treatment suppressed the increase of C/EBP homologous protein, and inhibited the activation of JNK and caspase-12, which was induced by glucosamine. Quercetin also increased the expression level of full length activating transcriptional factor 6 and decreased the expression of glucose regulated protein 78. Of note, the beneficial effects of quercetin on the glucosamine-induced RAW264.7 cells were reversed by treatment with tunicamycin. These findings suggest that quercetin may have properties to prevent glucosamine-induced apoptosis and lipid accumulation via the ER stress pathway in RAW264.7 macrophages.
Introduction
Diabetes mellitus is the most important risk factor for cardiovascular disease (CVD) (1) . The International Diabetes Federation estimates there were 366,000,000 individuals with diabetes in 2011, and this is expected to rise to 552,000,000 by 2030 (2) . Despite being aware of its severity, the underlying mechanism and therapy of diabetes and its complications remains to be fully elucidated and are underused (2) .
Atherosclerosis (AS), the predominant cause of CVD, which causes the majority of diabetes-associated mortality and much of the disability associated with diabetes (3) . Macrophages are key in all phases of atherosclerosis, from the formation of the fatty steak to plaque rupture (4) . Glucosamine is the product of the hexosamine biosynthetic pathway and, as an effective nutritional supplement used in human osteoarthritis, glucosamine supplementation appears to be safe, with no adverse vascular consequences (4) . Orally administered glucosamine sulfate has been observed to exert an anti-atherogenic effect (5) . However, in patients with myocardial infarction without diabetes, higher concentrations of glucosamine were noted, compared with those with myocardial infarction and diabetes, suggesting that glucosamine levels may be not directly determined by glucose concentrations (6) . There may be other mechanisms (6) , and data from animal models and cell culture experiments also support the suggestion that glucosamine disturb lipid metabolism, increase the area of atherosclerotic lesions, induce apoptosis-associated protein expression and accelerate Quercetin protects RAW264.7 macrophages from glucosamine-induced apoptosis and lipid accumulation via the endoplasmic reticulum stress pathway (7, 8) . These findings suggest that glucosamine is not suitable as an effective preventive strategy for diabetes, however, these changes were independent of blood glucose concentration, glucose tolerance, plasma insulin or plasma lipid levels (7, 8) . In addition, similar to the above studies, glucosamine has been recognized as a potent inducer of endoplasmic reticulum (ER) stress (9) . Therefore, the use of agents against apoptosis, dyslipidemia and ER stress may offer the possibility for improvement of diabetes. Quercetin, a natural flavonoid, is reported to possess several medicinal and therapeutic properties. Epidemiologic studies have suggested that quercetin may reduce the risk of cardiovascular disease (10) (11) (12) (13) (14) . It can reduce systolic blood pressure, decrease plasma concentrations of total cholesterol, triglycerides and atherogenic oxidized-low density lipoprotein (ox-LDL), and increase the concentration of high density lipoprotein (HDL)-cholesterol (10, 13, 14) . In addition, the administration of quercetin to mice (15, 16) and rabbits (17, 18) inhibits the development of atherosclerosis through its anti-oxidant and anti-inflammatory mechanisms. It is also effective in controlling fasting and postprandial blood glucose levels in animal models of diabetes mellitus (19) . In vitro studies have demonstrated that activated macrophages may be a potential target of dietary flavonoids in the aorta (20) , and they may act work on key atherogenic activities of macrophages, including foam cell formation and pro-oxidant/pro-inflammatory responses (21). Excess or prolonged ER stress leads to cell apoptosis (22, 23) , and the protective property of quercetin against ER stress induced by ox-LDL, tunicamycin (24) and Pb (25) have been confirmed. Although quercetin supplementation has been demonstrated to inhibit high glucose-induced apoptosis (26) , limited evidence is available regarding the benefits of quercetin on macrophage apoptosis induced by glucosamine, and the mechanisms require further elucidation.
In the present study, 15 mM glucosamine and tunicamycin-treated RAW264.7 macrophages were used to investigate whether quercetin administration results in the alleviation of apoptosis and lipid accumulation, and to examine whether this protective effect of quercetin is, in part, due to the inhibition of ER stress. This aimed to provide the basis for identifying novel molecular targets and therapeutic agents for treatment against diabetes associated atherosclerosis. Cell culture and treatment. The RAW264.7 cells were cultured in DMEM with 10% FBS at 37˚C in a humidified, 5% CO 2 atmosphere. The cells were subcultured in culture flasks (Corning Incorporated, Corning, NY, USA) and passaged every 3-4 days. The cells were cultured in serum-free medium for 12 h prior to the subsequent intervention once grown to 70% confluence. The cells were treated with 15 mM glucosamine, with or without different doses of quercetin (5, 10 and 20 µM) for 24 h. In another group of experiments, the cells were pretreated with 5 µg/ml tunicamycin for 4 h followed by treatment with glucosamine and quercetin. Cells incubated in normal medium (DMEM with 10% FBS) for 24 h were used as a vehicle group, and cells treated with 15 mM mannitol, instead of glucosamine, for 24 h were used as an osmolarity control. All the above cells were incubated at 37˚C in a humidified, 5% CO 2 atmosphere.
Materials and methods

Materials
Flow cytometric analysis.
Following treatment in 60 mm culture dishes, the cells (1x10 6 ) were digested using the trypsin enzymwithout EDTA, following which were harvested, washed with phosphate-buffered saline (PBS) and centrifuged at 200 x g for 5 min. The cell pellet was then resuspended in 100 µl of Annexin-V-Fluos labeling solution, and incubated for 15 min at 25˚C. Finally, the cells were analyzed on a flow cytometer (FACSCalibur, BD Biosciences, Franklin Lakes, NJ, USA) at 488 nm excitation, with a 515 nm bandpass filter for fluorescein detection and a filter >600 nm for propidium iodide (PI) detection.
TUNEL staining. DNA fragmentation provides markers of apoptosis, which was assessed in the present study using a TUNEL assay. The cells (2.5x10 6 ) were treated on cover slips with poly-L-lycine in 6-well plates, and were fixed in 4% paraformaldehyde for 30 min at room temperature. The cells were then washed three times with 1X PBS, and 1% Triton-X-100 was added for 5 min to promote permeability, followed by washing with 1X PBS. The cells were then blocked with 3% H 2 O 2 , and incubated with 50 µl TdT enzyme reaction solution, containing 45 µl equilibration buffer, 1.0 µl TRITC-5-dUTP (cat. no. KGA7061; KeyGEN Biotech Co., Ltd.) and 4.0 µl TdT enzyme, for 60 min at 37˚C in the dark. Using 543 nm excitation and 571 nm detection wavelengths, the fluorescence intensity was analyzed using a fluorescence microscope (Nikon Eclipse TE2000-S; Nikon Corporation, Tokyo, Japan), with apoptotic cells exhibiting intense red fluorescence.
Intracellular total cholesterol and free cholesterol assay. The accumulation of cholesterol in the cells is closely associated with the formation of foam cells. Following starvation for 12 h, the cells were treated with glucosamine and quercetin for 24 h, and then co-incubated with 50 mg/l ox-LDL for 12 h. Following the treatments described above, the cells were washed three times with 1X PBS, and 1x10 6 cells were lysed in 0.1 ml lysis buffer provided in the tissue/cell total/free cholesterol assay kits (cat. nos. E1015 and E1016; Applygen Technologies, Inc.). The total lysates were centrifuged at 2,000 g for 5 min, and the supernatant was harvested and divided into three equal volumes to be prepared for the measurement of protein concentration, total cholesterol (TC) and free cholesterol (FC) content. The samples (10 µl) were then assayed for TC and FC using 190 µl enzyme regent of the GPO Trinder enzymatic reaction in a 96-plate well. The absorbtion was measured at 550 nm on a BioTek EON™ plate reader (BioTek Instruments, Inc., Winooski, VT, USA). Protein content was determined using a Bicinchoninic Acid (BCA) Protein Assay kit (Beyotime Institute of Biotechnology, Haimen, China), with the concentrations of TC and FC expressed as nmol/mg total cellular protein.
Western blot analysis.
Following treatment for 24 h in 10 mm culture dishes, the cells ( 1x10 7 )were washed three times with ice-cold 1X PBS and lysed for 30 min in lysis buffer with 1 mM phenylmethylsulfonyl fluoride (cat. no. 78830; Sigma-Aldrich). The total protein lysates were centrifuged at 12,000 g for 5 min at 4˚C, and the protein content in the supernatants were quantified using a BCA Protein Assay kit. The protein samples (20 µg) from each group were mixed with 5X sample loading buffer and were used for western blotting analysis through 8, 10 or 12% SDS-PAGE (for GRP78 and ATP6α; JNK, p-JNK, caspase-12 and β-actin; and CHOP, respectively; cat. no. KGP113K, KeyGEN Biotech Co., Ltd.), followed by transfer onto 0.45-µm (pore size) polyvinylidene fluoride membranes (EMD Millipore, Bedford, MA, USA) through a wet transfer method in an ice-bath for 2 h. The membranes were blocked with 5% (v/v) skim milk at room temperature for 1 h, and incubated with primary antibody diluted with 5% bovine serum albumin (cat. no. A4737; Sigma-Aldrich) at 4˚C overnight. The following primary antibodies were used: GRP78, CHOP and ATF6α (1:1,000), β-actin (1:2,000) and, JNK, p-JNK and caspase-12 (1:200). Following washing the membranes three times, they were incubated with HRP-conjugated secondary antibodies (1:4,000), diluted with 5% bovine serum albumin, for 1 h at 37˚C and detected using an enhanced chemiluminescence system (ECL; M&C Gene Technology, Ltd, Beijing, China). Finally, images were captured using a digital camera and were analyzed using ImageJ software (version 1.46r; National Institutes of Health, Bethesda, MD, USA).
Statistical analysis. Data are presented as the mean ± standard deviation of at least three independent experiments. One-way analysis of variance was used to compare differences, followed by Dunnett-t multiple comparison tests with SPSS 13.0 for Windows (SPSS, Inc., Chicago, IL, USA). P<0.05 was considered to indicate a statistically significant difference.
Results
Quercetin protects RAW264.7 cells from apoptosis and cell death induced by glucosamine.
The anti-apoptotic effect of quercetin against glucosamine in RAW264.7 cells was evaluated using Annexin-V-FITC/PI double staining and detection using flow cytometry. As shown in Fig. 1A and B, the treatment of RAW264.7 cells with 15 mM glucosamine for 24 h induced apoptosis, compared with the vehicle control cells (6.16±0.04, vs. 0.13±0.02%, respectively), however, quercetin (5, 10 and 20 µM) significantly attenuated glucosamine-induced apoptosis in a dose dependent manner. Consistent with the above, in the RAW264.7 cells stained with TUNEL, the number of positive cells was markedly higher in the glucosamine-induced cells, compared with the vehicle control cells. Representative photomicrograph are presented in Fig. 1C , with the red TUNEL-positive cells clearly marked.
In addition to its anti-apoptotic property, the present study also determined the protective effect of quercetin on glucosamine-induced cell death ( Fig. 1A and B) . The addition of glucosamine at 15 mM for 24 h increased cell death, compared with the vehicle group (16.87±0.21, vs. 2.55±0.16%, respectively). However, incubation of the glucosamine-induced cells with different doses of quercetin (5, 10 and 20 µM) resulted in a dose-dependent decrease in the number of necrotic cells.
Quercetin attenuates glucosamine-induced lipid accumulation in RAW264.7 cells.
Foam cell formation is a key characteristic of AS (27) and can be induced by excess ox-LDL. To determine the effect of quercetin on glucosamine-induced foam cell formation in the present study, the RAW264.7 macrophages were incubated with 50 mg/l ox-LDL for 12 h following glucosamine and quercetin treatment, and subsequent intracellular TC, FC and cholesteryl ester (CE) quantification were performed. Compared with the vehicle control, the addition of ox-LDL to the culture medium including glucosamine amplified foam cell formation as the intracellular TC content (1.96-fold) and FC content (1.74-fold) were significantly increased, the ratio of CE/TC was also significantly increased in the glucosamine-treated group. Treatment with quercetin significantly decreased the TC content, FC content and ratio of CE/TC ( Fig. 2A-C) . However, following treatment with tunicamycin, an ER stress-inducing agent, these effects of quercetin disappeared. Tunicamycin treatment of the cells treated with quercetin and glucosamine led to a significant increase in intracellular TC content and CE/TC ratio, compared with those without tunicamycin ( Fig. 2A-C) . These results indicated that quercetin prevented the amplification of ox-LDL-induced foam cell formation by glucosamine via ER stress in the RAW264.7 cells.
Effect of quercetin on the expression of p-JNK and JNK.
JNK activation is known to affect the cell-death mechanism which is involved in ER stress (28) (29) (30) . To investigate whether JNK was involved in the effect of quercetin on ER stress, the present study detected the expression of pJNK and JNK. The results demonstrated that p-JNK in the glucosamine-treated cells, the active form of JNK, was significantly increased, compared with that of the vehicle control cells (P<0.05). However, quercetin significantly inhibited the phosphorylation of JNK in a dose-dependent manner. In addition, JNK phosphorylation was not reversed by quercetin in the presence of tunicamycin (Fig. 3A) .
Effect of quercetin on the expression levels of CHOP and caspase-12.
In addition to JNK activation, C/EBP homologous proteins and caspase-12 are the other two apoptotic pathways induced by ER stress (31) . To determine the effects of quercetin on CHOP and caspase-12, western blot analysis was performed. Glucosamine treatment resulted in a significant increase in the expression level of CHOP, compared with the vehicle control (23.9-fold). The levels of cleaved caspase-12 were also markedly elevated in the glucosamine-treated cells, compared with the vehicle control (P<0.05). Notably, 10 and 20 µM quercetin significantly decreased the expression of CHOP and the activation of caspase-12, compared with the glucosamine-treated cells (P<0.05). No significant changes in the expression levels of CHOP or cleaved caspase-12 were observed between the glucosamine-treated cells and quercetin-treated cells in the presence of tunicamycin (P>0.05; Fig. 3B ).
Quercetin protects against the glucosamine-induced activation of ATF6α and GRP78.
In order to identify the potential effect of quercetin on glucosamine-induced ER stress in RAW264.7 macrophages, the present study measured the expression levels of the ER stress marker, GRP78, and the ER membrane-anchored transcription factor, p90-ATF6α. As shown in Fig. 3C , the glucosamine-treated cells exhibited activation of ER stress markers, with the cells in glucosamine group exhibiting a significant 7.94-fold increase in GRP78, compared with the vehicle control cells. In addition, the expression levels of p90-ATF6α, the inactive form of ATF6α, were markedly decreased in the glucosamine-treated cells, by 0.183-fold, compared with the vehicle control. Notably, quercetin restored these changes in the levels of GRP78 and p90-ATF6α, whereas tunicamycin suppressed the effects of quercetin on the expression levels of GRP78 and p90-ATF6α (Fig. 3C) .
Discussion
Animal studies have suggested that hyperglycemia is an independent risk factor of AS. The conditions of hyperglycemia give rise to the accumulation of glucosamine in the vessel wall and accelerate AS (8, 32) . In human aortic smooth muscle cells (HASMC), monocytes and hepatocytes, glucosamine disturbs lipid metabolism, leading to the accumulation of cholesterol in cultured cells (8) , and lipid deposition and macrophage apoptosis are key in the development of AS (33-35) . Thus, the inhibition of lipid dysregulation and macrophage apoptosis A B C may be effective strategy in preventing the development and progression of diabetic atherosclerosis. Quercetin is reported to possess properties against diabetes and CVD (10) (11) (12) (13) (14) 19) . It can also suppress macrophage apoptosis and foam cell formation induced by tunicamycin and ox-LDL (24) . However, the effect of quercetin on glucosamine-induced lipid dysregulation and macrophage apoptosis, and the possible mechanism remained to be elucidated. The present study demonstrate that quercetin attenuated glucosamine-induced apoptosis in RAW264.7 macrophages, and suppressing the ER stress pathway by inhibiting ATF6 activation may be one of the mechanisms. In addition, quercetin prevented the formation of foam cells through the ER stress pathway, which may be another cytoprotective mechanism.
Lipid accumulation is one of the predominant characteristics of AS. Free cholesterol loading has been demonstrated to be associated with the activation and apoptosis of macrophages (33) . Although a previous study demonstrated that intraperitoneal glucosamine decreased AS in ApoE -/-mice (36), glucosamine supplementation has been observed to increase the initiation of AS after 5 weeks, and cholesterol and triglyceride concentrations increase significantly following glucosamine treatment for 20 weeks (4). HASMC and HepG2 cells treated with glucosamine exhibit increased intracellular levels of free cholesterol (8) . Quercetin has been reported to interfere with key atherogenic progresses of macrophages, including foam cell formation (21), anti-oxidation (37), anti-inflammation (17) and the regulation of several genes involved in lipid metabolism (20, 38) . The present study demonstrated that the effects of 50 mg/l ox-LDL added to macrophages were aggravated by glucosamine treatment, as intracellular TC and FC contents increased markedly following glucosamine-treatment, with a concomitant increase in the CE rate of TC (50.5%). These results were characteristic of foam cells (39) . By contrast, the supplementation of quercetin to the glucosamine and ox-LDL-induced macrophages alleviated ox-LDL uptake and suppressed the formation of foam cells in the RAW264.7 cells. Of note, classical ER-stress inducer treatment reversed the beneficial effects of quercetin on ox-LDL uptake and the formation of foam cells. These results suggested that ER stress may be involved in the glucosamine-induced dysregulation of lipid metabolism.
Increasing evidence supports the suggestion that glucosamine induces the apoprosis of various cels, including rat mesangial cells (40) and pancreatic β cells (41) . Although limited information is available describing the harmful effects of glucosamine on macrophages, elevated glucose increases flux through the hexosamine biosynthetic pathway, which ultimately leads to increased glucosamine concentrations (42) (43) (44) . In a study investigating subjects with type 2 diabetes, increased levels of macrophage apoptosis were observed in their atherosclerotic lesions, and this may be a risk factor of plaque destabilization (46) , in macrophage/foam cells of the atherosclerotic lesions in hyperglycemic ApoE-/-mice, compared with normoglycemic rice. As mentioned previously, quercetin has been observed to prevent macrophages from apoptosis induction by high glucose (26), ox-LDL (24) and H 2 O 2 (37). However, whether quercetin inhibits glucosamine-induced macrophage apoptosis had not previously reported. The results of the present study suggested that macrophages treated with 15 mM glucosamine for 24 h exhibited increased apoptotic and necrotic rates, compared with cells in the vehicle control group. However, the addition of quercetin to the glucosamine-treated macrophages significantly decreased the apoptotic and necrotic rates of the cells.
It has been reported that quercetin protects multiple types of cells from apoptosis through various mechanisms. Roshanzamir et al (47) reported that quercetin inhibits H 2 O 2 -induced SK-N-MC cell death through the downregulation of HIF-1α, Foxo-3a and NICD, as well as pro-apoptotic factors, including p53 and Bax. Suganya et al (48) observed that quercetin has an anti-apoptotic effect against tunicamycin-induced endothelial cell toxicity through the ER-stress/CHOP pathway, which involved an increase in the expression of B cell lymphoma-2 (Bcl-2) and reduction in the expression of Bcl-2-associated X protein (Bax). Similar results have been observed in RAW264.7 macrophages (24). Our previous study suggested that quercetin prevents β-cell death through the mitochondrial pathway and nuclear factor-κB signaling in RINm5F rat insulinoma cells (49) . Therefore, the biological effects of quercetin on cells remain to be fully elucidated. In the present study, it was observed that quercetin significantly reduced the expression of CHOP and suppressed the phosphorylation of JNK and activation of caspase-12 by inhibiting the expression of GRP78 and activation of ATF6α in the glucosamine-treated RAW264.7 macrophages. Tunicamycin is a typical ER stress inducer via interfering with N-linked protein glycosylation in ER (50) . The present study also found that quercetin did not attenuate glucosamine-induced lipid accumulation in tunicamycin-pretreated cells. Compared with the glucosamine-induced cells without tunicamycin, quercetin had no significant effect on the expression of CHOP, the activities of JNK and caspase-12, GRP78 or full length ATF6α following tunicamycin treatment. However, no detailed indicator of ER stress-lipid metabolism or other ER stress markers, including as protein kinase-like ER kinase or intercellular adhesion molecule-1 (IRE1) were detected. These data indicated that the ER stress pathway is involved in the beneficial effects of quercetin on glucosamine-induced cell damage.
The ER is located in the cytoplasm close to the cell nucleus, and is a vital organelle responsible for protein biosynthesis, post-translational modifications, folding and assembly of polypeptide chains, intracellular calcium storage and controlling lipid biosynthesis (51) . Multiple stimuli, including hyperglycemia (52), hypoxia (53) and chemical toxicity (54) can lead to ER dysfunction and ER stress, which is an adaptive signaling mechanism, termed the unfolded protein response, to restore ER homeostasis. However, continuous and serious ER stress triggers a series of processes necessary for apoptosis, including CHOP, JNK and caspase-12 signaling (55, 56) . Accumulated evidence indicates the role of CHOP on various aspects of cell damage associated with ER stress (57, 58) . CHOP -/-animals exhibit four-fold lower levels of TUNEL-positive cells in the proximal tube epithelium (57) . CHOP -/-/ApoE -/-mice exhibit minimal apoptosis of macrophages in plaques and, compared with high cholesterol-fed CHOP -/-/ApoE -/-mice, high cholesterol-fed CHOP +/+ /ApoE -/-mice exhibit increased rupture of atherosclerotic plaques. Tsukano et al (58) suggested that ER stress-CHOP-Bax-mediated apoptosis contributes to these changes. JNK activation is key in the process of cell apoptosis induced by ER stress (28) . In response to ER stress, IRE-1α activates JNK directly (59) . Caspase-12, a caspase localized to the ER, is activated to generate cleaved caspase-12 induced by ER stress (60). Nakagawa et al (61) suggested that treatment of PC12 cells or embryonic fibroblast cells with tunicamycin and thapsigargin induces effective cleavage of caspase-12. Furthermore, in vivo, caspase-12 -/-mice were found to be resistant to ER stress-induced apoptosis. In the present study, it was demonstrated that glucosamine-treatment increased the expression of CHOP, induced the cleavage of caspase-12 and activated JNK in the RAW264.7 cells. However, quercetin significantly inhibited the cleavage of caspase-12 and the activation of JNK, and suppressed the expression levels of CHOP, whereas these changes were reversed by tunicamycin, which has been used in the analyses of CHOP-or caspase-12-deficient mice (57, 61) . Therefore, the effects of quercetin contributed to the recovery of RAW264.7 cell damage by glucosamine.
ATF6 is one of three ER stress sensors, and is an ER-resident transmembrane protein, which is vital for proper protein folding and assembly (55, 62) . ER stress results in the dissociation of GRP78 from the ER membrane proteins, including ATF6, and activated ATF6 translocates to the golgi for cleavage and causes activation of downstream signaling pathways (51) . ATF6 consists of ATF6α and ATF6β in mammalian cells, however, previous studies have suggested that ATF6α is more sensitive to ER stress (63,64), Rutkowski et al (65) observed that ATF6α-deficient mice were induced with unresolved ER stress following tunicamycin injection, and these alterations increased the expression of CHOP. Yamamoto et al (64) demosntrated that the levels of triacylglycerol and TC in the liver of ATF6α -/-mice were significantly increased, compared with those of ATF6α +/+ mice following tunicamycin injection, and that tunicamycin injection caused the accumulation of neutral lipids in the liver of the ATF6α -/-mice. Yao et al (24) suggested that quercetin inhibits the translocation of ATF6 from the cytoplasm into the nucleus in RAW264.7 cells. In the present study, it was revealed that tunicamycin treatment also caused significant lipid accumulation in glucosamine-treated cells treated with quercetin. Notably, glucosamine treatment significantly increased the expression of GRP78 and induced the activation of ATF6α, and decreased the expression levels of 90 kDa ATF6α (full-length), which is an inactive form of ATF6α. However, the expression of ATF6α in the quercetin-treated RAW264.7 cells were increased significantly, compared with the glucosamine-treated cells. Quercetin also alleviated the expression of GRP78, whereas, tunicamycin treatment inhibited these effects of quercetin.
In conclusion, the present study suggested that apoptosis and lipid accumulation in RAW264.7 cells induced by glucosamine were partially due to ER stress. Quercetin supplementation inhibited ER stress by decreasing the expression of CHOP, and inhibiting the activation of JNK and caspase-12. Although there may be other mechanisms, the results suggested that the inhibitory effects of quercetin on GRP78 and ATF6α activation contributed, at least in part, to the above alterations. These findings support the anti-atherosclerotic effects and mechanisms of quercetin upon diabetes in vitro. However, a series of questions remain due to the complex and unclear mechanism of ER stress. Further in vitro and vivo investigations on the effect of quercetin on ER stress are necessary to further elucidate the mechanisms of atherosclerosis in diabetes and the identification of novel targets for therapy.
